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Introduction 

Tn  the  aerospace  industry,  polymeric  glasses  are  utiLzed  in  extreme  service  environments.  The 
need  to  predict  the  durability  of  these  materials  over  long  periods  without  resorting  to  empiricism 
requires  a detailed  understanding  of  the  microscopic  flow  and  failure  processes  in  these  glasses  and 
how  these  processes  are  modified  by  the  service  environment.  Flow  occurs  in  polymer  glasses 
either  microscopically  via  crazing  or  shear  banding  or  macroscopically  via  necking.  This  How 
absorbs  energy  during  the  failure  process  and  enhances  the  toughness  of  a polymer  glass.  The 
strains  in  shear  bands  and  crazes  are  similar  [ 1 ] , and  it  is  uncertain  which  structural  parameters 
determine  if  one  mode  of  deformation  predominates  in  a given  set  ofstress-time-temperature 
conditions. 

In  this  pat^we  present  studies  on  (i)  the  microscopic  flow  and  failure  processes,  (ii)  the  struc- 
tural paramker^'ontrolling  these  processes,  and  (iii)  how  such  processes  are  modified  by  the 
service  environm^.  Our  studies  cover  three  different  classes  of  polymer  glasses  utilized  in  the 
aerospace  industry, Vamely; 

( 1 ) Polycarbonate, \n  amorphous  but  crystallizable  thermoplastic  which  is  utilized  as  a high- 
impact-strength  transparency. 

(2)  Polyimides,  the  most  widely  used  of  the  aromatic  heterocyclic  polymers,  process  good  llame 
resistance  and  the  ability  to  withstand  high  temperatures.  These  glasses  have  been  utilized  in  air- 
craft wire  insulation  and  Have  acquired  limited  usage  as  adhesives  and  composite  matrices. 

(3)  Epoxies,  crosslinked  thermosetting  polymers,  are  the  primary  materials  utilized  in  adhesives 
and  high-performance  polyqier-fiber  composites. 

Experimental 

Material 

The  bisphenol  A polycarbonate  (poly-4,4’  -dioxydiphenyl  2,2-propane  carbonate)  (Lexan,  General 
Electric)  used  in  this  study  had  a viscosity-average  molecular  weight  of  30  000  and  contained  no 
significant  additives.  The  polyimides  studied  were  (1)  (poly  4,4’oxydiphenylene)  pyromellitiniide 
(Vespel,  duPont)  (PODPPMI)  and  (2)  a solution-soluble  copolyimide  based  on  3,3'4,4'-benzo- 
phenone  tetracarboxylic  acid  anhydride  (Upjohn,  Polyimide  2080),  which  is  designated  here  as 
BTAD-polyimide.  Two  epoxy  systems  were  studied;  (1 ) diethylene  triamine  (Eastman Ecured 
bisphenoTA-diglycidyl  ether  (Dow,  DER  332)  epoxy  (DGEBE-DETA)  and  (2)  diaminodiphenyl 
sulfone  (Ciba  Geigy,  Eporalpcured  tetraglycidyl  4,4  diaminodiphenyl  methane  (Ciba  Geigy, 
MY720)  epoxy  (TGDDM-DDS). 

Experiments 

The  failure  processes  were  monitored  by  optical  and  electron  microscopy  (1 ) of  the  fracture 
topographies  and  edges  of  specimens  fractured  in  tension  as  a function  of  temperature  and  strain- 
rate  and  (2)  of  thin  films  deformed  on  a metal  substrate.  In  additon,  films  were  strained  directly 
in  the  electron  microscope,  and  the  failure  processes  were  monitored  by  bright-field  microscopy. 
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For  fracture  topography  and  mechanical  property  studies,  dogbone-shaped  specimens  were 
fractured  in  tension  in  a table-model  tensile  tester  (Instron  TM-S-l  130).  A scanning  reflection 
electron  microscope  (JEOL  model  JEM-IOOB)  and  optical  microscope  (Zeiss  Ultraphotll)  were 
used  for  fracture  topography  studies.  Transmission  electron  microscopy  was  used  for  thin-film 
and  carbon-platinum  surface  replica  studies. 

Results  and  Discussion 

Polycarbonate 

Polycarbonate  can  embrittle,  particularly  at  high  strain-rates  and  for  specimens  < 5 mm  thick,  on 
annealing  in  the  80-130°C  range  (Tg  =“  1 50°C)  [2-1 1 1 . In  tension,  this  embrittlement  is  a result 
of  the  cessation  of  shear  yielding  and  macroscopic  necking  and  a reversion  to  crazing  as  the  pre- 
dominant deformation  and  failure  mode  [5,  10,  12] . This  transition  is  accompanied  by  a corres- 
ponding decrease  in  molecular  How  and  energy  to  failure.  Tne  inhibition  of  molecular  flow  is  a 
direct  result  of  free-volume  decreases  produced  in  bulk  specimens  on  annealing  in  the  glassy  state 

Crazing  still  occurs,  however,  and  plays  a predominant  role  in  the  failure  process  when  shear 
yielding  is  the  primary  mode  of  deformation.  In  Fig.  1 , ductile  crazes  are  illustrated  along  the 
edges  of  the  necked  portion  of  a polycarbonate  glass.  We  observed  from  fracture  topography 
studies  that  failure  in  the  oriented  neck  often  originates  from  a well-formed  craze.  Crazes  can 
originate  from  surface  flaws  which  can  be  generated  by  surlace  crystallization.  The  ability  of 
polycarbonate  to  crystallize  at  and  immediately  above  Tg  allows  precrystalline  and/or  crystalline 
entities  to  grow  below  the  bulk  Tg  on  free  surfaces  were  mobility  restrictions  are  less  severe  than 
in  the  bulk  [ 10] . Surface  crystallization  causes  surface  stresses  which  can  produce  microcracking. 
We  have  directly  observed  microcracks  along  the  edges  of  prespherulitic  arms.  Surface  crystalliza- 
tion is  enhanced  by  finger  grease  and  subsequent  exposure  to  ~ 100°C  [ 13] . Caird  [14]  has 
shown  that  handling  the  surface  of  polycarbonate  followed  by  exposure  to  130°C  seriously 
deteriorates  the  mechanical  properties  relative  to  untouched  glasses  exposed  to  the  same 
temperatures. 
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Figure  1 Ductile  crazes  in  the  edge  of  necked  portion  of  polycarbonate. 

Hence,  the  flow  properties  and  toughness  at  a specified  strain-rate  and  thickness  of  polycarbon- 
ate are  controlled  by  ( I ) the  ease  of  shear-band  deformation  which  depends  on  free  volume  and 
previous  thermal  history  and  (2)  surface  crazes  whose  characteristics  depend  on  exposure  to 
organics,  thermal  history,  and  surface  crystallization  and  fabrication  stresses.  Tlierefore,  the 
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desirable  toughness  of  polycarbonate  cannot  be  fully  utilized  when  this  glass  is  exposed  to 
temperatures  above  80°C.  For  many  applications,  the  polycarbonate  surface  has  to  be  protected 
by  a hard  coating  to  protect  this  soft  glass  from  the  environment.  In  aerospace  transparency  ser- 
vice environments,  it  is  often  difficult  to  keep  the  coating  adhered  to  the  polycarbonate. 

Polyimides 

In  the  bulk,  both  the  PODPPMl  and  BTAD  polyimides  deform  and  fail  by  a crazing  process  with 
extensive  fibrillation;  e.g.,  all  tensile  fracture  topographies  of  PODPPMl  polyimide  fractured  from 
20-300^^0  in  the  10~^  to  10‘^^/min  strain-rate  range  exhibited  features  characteristic  of  a craze- 
viscous-rupture  process. 

However,  BTAD  polyimide  films  strained  directly  in  the  electron  microscope  exhibited  three 
microscopic  modes  of  deformation:  crazing,  fine  shear-band  propagation,  and  an  edge-yielding 
phenomenon  [15].  Edge-yielding,  which  has  some  of  characteristics  of  both  crazing  and  shear 
banding,  results  in  a thinning  of  the  film  at  the  specimen  edge.  This  yielding  phenomenon 
occurred  in  ~ 1 pm  wide  bands  which  are  at  an  angle  of  20-30°  to  the  tensile  stress  direction. 
Shear-band  deformation  occurs  in  fine  bands  ~ 100  nm  wide.  Wu  and  Li  [16]  have  characterized 
two  shear  band  deformation  processes  in  polystyrene;  one  appears  as  fine  shear  bands,  similar  to 
those  we  observe  in  BTAD  polyimide,  and  the  other  as  diffuse  shear  zones.  The  fine  shear  bands 
in  BTAD  polyimide  exhibit  a sharp  boundary  between  themselves  and  the  surrounding  unde- 
formed material.  From  the  lack  of  any  contrast  differences  within  the  shear  bands  in  bright-field 
transmission  electron  microscopy,  we  conclude  that  there  is  uniform  shear  strain  within  these 
bands.  Microscopic  shear-bands,  some  of  which  were  ~ 1 nm  wide,  were  found  to  initiate  from 
1.5-15  nm  diameter  microvoids.  The  length  of  these  shear  bands  increases  with  increasing  micro- 
void diameter  as  shown  in  Fig.  2.  The  data  scatter  in  this  figure  arises  from  the  modification  of 
the  shear-band  length  by  the  proximity  of  other  microvoids  and  the  ~ 100  nm  wide  shear  bands. 
Tlie  microscopic  shear  band  width  increases  by  a tearing  of  the  microvoid  initiation  sites.  These 
shear  bands  cease  to  widen  or  thicken  and  become  only  longer  when  their  width  approaches 
~ 100  nm.  This  phenomenon  may  be  related  to  unique  stress-field  conditions  at  the  shear-band 
initiation  regions.  The  dimensions  of  the  microscopic  shear  bands  suggest  that  only  polymer 
chain  segments  of  a few  monomer  units  rather  than  any  larger  morphological  entities  are  the 
basic  units  involved  in  the  flow  processes  in  this  polymer. 
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Figure  2 Diameter  of  microvoid  shear-band  initiation  site  as  a function  of 
shear-band  length  for  BTAD-polyimide. 


The  ability  of  polyimicles  to  fibrillate  increases  the  wear  resistance  of  these  material  as  aircraft 
wire  insulation.  Tire  in-service  polymer-polymer  wear  processes  involve  shearing  off  platelets  which 
protrude  above  the  general  contour  of  the  polymer  surfaces.  Electron  microscope  studies  of  the 
wear  processes  reveal  that  fibrils  often  hold  the  platlets  onto  the  surface  which  enhances  the  wear 
resistance.  Such  fibrillation  is  not  affected  by  service  environment  conditions. 

Epoxies 

Both  DGEBA-DETA  and  TGDDM-DDS  epoxies  deform  and  fail  by  a crazing  process  117).  (These 
glasses  are  not  highly  crosslinked  because  of  the  steric  and  diffusional  restrictions  during  polymer- 
ization and  network  formation. ) Crazes  were  observed  in  films  either  strained  directly  in  the 
electron  microscope  or  strained  on  a metal  substrate.  The  fracture  topographies  of  these  epoxies 
fractured  as  a function  of  temperature  and  strain-rate  are  interpreted  in  terms  of  a crazing  process. 
A coarse  fracture  topography  initiation  region  results  from  void  growth  and  coalescence  through 
the  center  of  a simultaneously  growing,  poorly  developed  craze  which  consists  of  coarse  fibrils.  A 
surrounding,  smooth,  slow-crack-growth  mirror  region  results  from  crack  propagation  either 
through  the  center  or  along  the  craze-matrix  boundary  interface  of  a thick,  well-developed  craze 
consisting  of  fine  fibrils. 

From  straining  films  directly  in  the  electron  microscope,  DGEBA-DETA  epoxies  were  found  to 
consist  of  6-9  nm  diameter  particles  which  remain  intact  when  flow  occurs  within  craze  fibrils.  It 
is  suggested  that  these  particles  are  intramolecularly  crosslinked,  molecular  domains  which  form 
during  the  initial  stages  of  polymerization  and  later  interconnect  to  form  larger  network  morpho- 
logical entities.  A network  of  these  particles  within  a craze  fibril  is  illustrated  in  the  bright-field 
transmission  electron  micrograph  in  Fig.  3.  The  TGDDM-DDS  epoxies  possess  larger  ~ I /am 
regions  of  high  crosslink  density. 
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Figure  3 Bright-field  transmission  electron  micrograph  of  strained  network 
structure  of  6-9  nm  particles  in  DGEBA-DETA  epoxy. 

The  TGDDM-DDS  epoxies  also  deform  to  a limited  extent  by  shear  banding.  Regular  right- 
angle  steps  were  observed  in  the  fracture  topography  initiation  region,  as  illustrated  in  Fig.  4. 

This  topography  was  observed  in  ~ 20%  of  all  room-temperature  fractures  and  ~ 407c  of  all 
fractures  at  1 50°C  (Tg  — 250°C).  Shear  band  propagation  in  these  crosslinked  glasses  produces 
structurally  weak  planes  because  of  bond  cleavage  caused  by  molecular  flow.  The  craze  or  crack 
jumps  into  these  structurally  weak  planes. 

The  crazing  process  in  these  epoxies  is  enhanced  by  absorbed  moisture.  The  absorbed  water 
lowers  the  craze  cavitational  stress  and  allows  crazes  to  propagate  at  lower  stresses.  The  cavities 
formed  at  the  craze  tip  serve  as  a sink  for  water  absorption,  and  the  porous  craze  structure  allows 
rapid  diffusion  of  water  to  the  craze  tip.  Such  phenomena  must  be  considered  in  any  durability 
predictions  of  these  glasses  in  high  humidity  environments. 

Conclusions 

( 1 ) The  tlow  characteristics  of  polycarbonate  are  controlled  by  ( 1 ) the  ease  of  shear  band  de- 
formation which  depends  on  free-volume  and  previous  thermal  history  and  (2)  surface  crazes 
whose  characteristics  depend  on  exposure  to  organics,  thermal  history,  and  surface  crystalliza- 
tion and  fabrication  stresses. 
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Figure  4 Scanning  electron  micrograph  illustrating  right-angle  steps  in  the 
fracture  topography  initiation  region  of  TGDOMS-DDS  epoxies. 

(2)  PODPPMI  and  BTAD  polyimides  deform  and  fail  in  the  bulk  by  crazing  with  extensive 
fibrillation.  Polymer  chain  segments  of  only  a few  monomer  units  are  the  basic  units  involved 
in  the  shear-band  flow  processes  in  BTAD-polyimide. 

(3)  DGEBA-DETA  and  TGDDM-DDS  epoxies  predominantly  deform  and  fail  by  crazing  with 
regions  of  high  crosslink  density  remaining  intact  during  the  flow  processess.  Right-angle  steps 
in  the  fracture  topography  initiation  region  of  the  TGDDM-DDS  epoxy  suggest  that  shear-band 
deformation  also  occurs  in  this  glass.  Craze  cavitation  and  growth  are  enhanced  in  these  epoxies 
by  the  presence  of  absorbed  water. 

Acknowledgements 


We  wish  to  acknowledge  Dr.  D.  Ulrich  of  Air  Force  Office  of  Scientific  Research  and  Drs.  , 

D.P.  Ames  and  C.J.  Wolf  of  McDonnell  Douglas  Research  Laboratories  for  their  support  and  \ 

pnrniirqopmpnt  r>f  this  u/nrlf  1 A - "7/  /’  ^ "7*^  I 


References 


1.  S.  Rabinowitz  and  P.  Beardmore,  in  Critical  Reviews  in  Macromolecular  Science.  Vol.  I, 
Client.  Rubber  Co.,  Cleveland,  (1972)  p.  I . 

2.  G.  Peilstocker,  Kunststoffe  51,  509  ( 1961). 

3.  G.  Peilstocker,  Brit.  Plastics  35,  365  ( 1962). 

4.  J.H.  Golden,  B.L.  Hammant,  and  E.A.  Hazell,  J.  Appl.  Polym.  Sci.  !_[,  1571  (1967). 

5.  D.  G.  LeGrand,  J.  Appl  Polym.  Scl  U,  2129  (1969). 

6.  D.G.  LeGrand,  J.  Appl  Polym.  Scl  1^,  136  7(1972). 

7.  R.E.  Robertson  and  C.  W.  Joynson,  J.  Appl  Polym.  Scl  1_6,  773  ( 1972). 

8.  G.  Allen,  D.C.  W.  Morley,  and  T.  Williams,  J.  Mater.  Scl  8,  1449  ( 1973). 

9.  G.A.  Adam,  A.  Cross,  and  R.N.  Haward,  J.  Mater.  Scl  1^,  1582  (1975). 

10.  R.J.  Morgan  and  J.E.  O’Neal,  J.  Polym.  Scl  (Polymer  Phys.  Ed.)  ^4,  1053  ( 1976). 

11.  N.J.  Mills,  J.  Mater.  Scl  U,  363(1976). 

12.  D.  Hull  and  T.  W.  Owen,  J.  Polym.  Scl  (Polymer  Phys.  Ed.)  IJ^,  2039  ( 1973). 

13.  K.  Neki  and  P.H.  GeU,  J.  Macromol  Scl  - Phys.  B8  (1-2),  295  (1973). 

14.  D.  W.  Caird,  Proc.  of  Air  Force  Conference  on  Aerospace  Transparent  Materials 
and  Enclosures,  AFML-TR-76-54  ( 1976)  p.  367. 

15.  R.J.  Morgan  and  J.E.  O’Neal,  J.  Mater.  Scl  (in  press). 

16.  J.B.C.  Wu  and  J.C.M.  Li,  J.  Mater.  Scl  !_[,  434  ( 1976). 

1 7.  R.J.  Morgan  and  J.E.  O’Neal,  J.  Mater.  Sci.  (in  press). 


pi  ^jSIFlCATION  OF  THIS  PAGE  (When  D«l«^Enl«f»JJ  ‘ 

C (T^AEPORT  documentation  page  ; n bef?,Ie“cSm;K™“orm 

s - ft  a s 2/-  I'  c.r.ioo  «„M.„ 


MILt  IliraiJuttHU? Mill  II 

J1ICR0SC0PIC  JLOW  AND  FAILURE  PROCESSES  IN  POLYMER  I Tin  ter  im  r^^Tv 

'GLASSES,  . / J r ^ 


REPORT  NUMBER 


17  ^ 

( /oJWj/ Morgan  ' 
E. /O'Neal  ‘ 


\o<^er- 


GRANT  NUMBERr*; 


^an  €.  -i 


19.  PERFORMING  organization  NAME 


McDonnell  Douglas  Research  Laboratories/ 

McDonnell  Douglas  Corporation 

St  Louis,  Missouri 


^ p.  t^uw  1 I uw  1 nun 


10.  program  ELEMENT.  PROJECT,  TASK 
AREA  A WORK  UNIT  NUMBERS 

IG  ^ 


111.  CONTROLLING  OFFICE  NAME  AND  ADDRESS 


12.  REPORT  DATE 


Air  Force  Office  of  Scientific  Research/NC  ( / / )/  Auc  77  r 

Bolling  AFB  DC  20332  of  pag^ 

7 C ^ 

‘TT"n3oNTTOR7NG'TfGE?JCY'7JAM^TTDORESS?7/dJ7/ef«»f7foiri  Cv"frol/ing  0//fca;  15.  SECURITY  CLASS,  (ot  1 

UNCLASSIFIED 


IS..  OECLASSI  FI  CATION/ DOWN  GRADING 
SCHEDULE 


116.  DISTRIBUTION  STATEMENT  (otihit  Rtport) 


Approved  for  public  release;  distribution  unlimited. 


I 17.  DISTRIBUTION  STATEMENT  (oi  thm  abafracf  entered  in  Block  20,  H dilferent  from  Report) 


IS.  supplementary  NOTES 


Presented  at  the  ACS  Division  of  Organic  Coatings  and  Plastics  Chemistry 
Symposium,  Chicago,  Illinois,  August  1977 


1 19.  KEY  WORDS  (Continue  on  reveree  aide  if  neceasmry  and  identify  by  block  number) 


20.  ABSTRACT  (Continue  on  reveree  eide  if  neeeeemry  end  identity  by  block  number) 

in  the  aerospace  industry,  polymeric  glasses  are  utii.z.cd  in  extreme  service  environments.  The 
need  to  predict  the  durability  of  these  materials  over  long  periods  without  resorting  to  empiricism 
requires  a detailed  understanding  of  the  microscopic  tlow  and  failure  processes  in  these  glasses  and 
how  these  processes  are  modified  by  the  service  environment.  Flow  occurs  in  polymer  glasses 
either  microscopically  via  crazing  or  shear  banding  or  macroscopically  via  necking.  Tliis  How 
absorbs  energy  during  the  failure  process  and  enhances  the  toughness  of  a polymer  glass.  The 
strains  in  shear  bands  and  crazes  are  similar  11),  and  it  is  uncertain  which  structural  parameters 


DO  1 JAN*7J  1473  COITION  OF  t NOV  65  IS  OBSOLETE 


^5"  3X5" 


UNCLASSIFIED 

SECURITY  CLASSIFICATION  OF  THIS  PAGE  'l»Tl»n  D.l.  Fnl»..d) 


UNCU  D 

tecumry  CLASSIFICATIOlii  of  this  PAOECHTiwi  Oxa  emarad;- 

I I 1 


20.  ABSTRACT  (Continued) 


determine  if  one  mode  of  deformation  predominates  in  a given  set  of  stress-time-temperature 
conditions. 

In  this  paper  we  present  studies  on  (i)  the  microscopic  tlow  and  failure  processes,  (ii)  the  struc- 
tural parameters  controlling  these  processes,  and  (iii)  how  such  processes  are  modified  by  the 
service  environment.  Our  studies  cover  three  different  classes  of  polymer  glasses  utilized  in  the 
aerospace  industry,  namely: 

(1 ) Polycarbonate,  an  amorphous  but  crystallizable  thermoplastic  which  is  utilized  as  a high- 
impact-strength  transparency. 

(2)  Polyimides,  the  most  widely  used  of  the  aromatic  heterocyclic  polymers,  process  good  flame 
resistance  and  the  ability  to  withstand  high  temperatures.  These  glasses  have  been  utilized  in  air- 
craft wire  insulation  and  have  acquired  limited  usage  as  adhesives  and  composite  matrices. 

(3)  Epoxies,  crosslinked  thermosetting  polymers,  are  the  primary  materials  utilized  in  adhesives 
and  high-performance  polymer-fiber  composites. 


UNCLASSIFIED 


